Abstract Cartilage-hair hypoplasia (CHH) is an/~utoso-mal recessive metaphyseal chondrodysplasia characterized by short stature and hypoplasia of the hair. Associated pleiotropic features include deficient erythrogenesis, impaired T-cell mediated immunity, Hirschsprung's disease, and an increased risk of malignancies. CHH is most prevalent among the Old Order Amish in the United States and among the Finns, but sporadic families have been described among many other populations. We have previously mapped the gene for CHH to the short arm of chromosome 9 in Finnish and Amish families. The CHH locus resides close to D9S 163 within an interval of 1.5 cM flanked by D9S165 and D9S50. In order to investigate the genetic homogeneity of CHH in various populations, we studied nine families with no genealogical connections to No recombinants were detected between the CHH gene and any of the three closest marker loci studied, suggesting that CHH in these families results from mutation(s) at the same locus as in the Amish and Finnish families.
Introduction
Cartilage-hair hypoplasia or McKusick type metaphyseal chondrodysplasia (MIM No. 250250 ) is an autosomal recessive disorder resulting in short-limbed short stature and poor hair growth (McKusick et al. 1965; M~ikitie and Kaitila 1993) . Associated pleiotropic features include deficient erythropoiesis, impaired T-cell mediated immunity, intestinal problems such as Hirschsprung's disease, and an increased risk of malignancies. Although the pathogenesis of CHH is unknown, defective proliferation of T-and Blymphocytes and fibroblasts, and defective erythrogenesis suggest a more generalized defect in cellular proliferation.
CHH was first described among the Old Order Amish in the United States (McKusick et al. 1965) and was later also shown to be a relatively common cause of short stature among the Finns (Perheentupa 1972) . Gene frequencies of 0.05 and 0.0066 have been estimated in these populations, respectively (McKusick et al. 1965; M~ikitie 1992) . Data on gene frequencies among other populations are not available, but sporadic families have been described among many populations, including the Dutch, Polish, French, Germans, Danes, Algerians, Italians, Spanish, non-Amish Americans, and the Mexicans (reviewed in Makitie 1992).
We have previously assigned the gene for CHH to chromosome 9 by linkage in Finnish and Amish families (Sulisalo et al. 1993 (Sulisalo et al. , 1994a . The CHH gene has been mapped to an area of approximately 1.5 cM flanked by D9S165 and D9S50, and is close to D9S163 (Sulisalo et al. 1994b) . No recombinations have been detected between the CHH gene and D9S163, and a statistically significant linkage disequilibrium was observed between these loci in both Amish and Finnish families (Sulisalo et al. 1994a, b Lehesjoki et al. 1993 ) suggest an approximate distance of 0.3 cM between CHH and D9S 163 (Sulisalo et al. 1994b ).
Here, we have studied nine CHH families for which neither Amish nor Finnish ancestors are known. In addition, seven sporadic cases were studied. These families originate from the Netherlands, Poland, France, Croatia, the United States, and Canada.
Materials and methods

Patients
The pedigrees of the families are shown in Fig. 1 . Families 1 and 2 come from the Netherlands, family 3 from Poland, family 4 from France, family 5 from Australia (originally from Croatia), families 6-8 and 10-16 from the United States, and family 9 from Canada. 
Polymerase chain reaction and detection of microsatellite markers
The polymerase chain reaction protocols for the detection of microsatellite markers have been described previously (Sulisalo et al. 1993) . Microsatellite markers detecting D9S165, D9S163, and D9S50 were studied (Weissenbach et al. 1992; Wilkie et al. 1992 ).
Linkage analysis
Pairwise linkage analysis was performed using the MLINK program of the LINKAGE package (Lathrop et al. 1984) . Multipoint analysis against a fixed marker map of three loci, D9S165, D9S163, and D9S50, was carried out using the LINKMAP program and assuming a constant female/male sex difference ratio of 2.75 and distances as previously reported (Sulisalo et al. 1994b ). The CHH gene was considered fully penetrant and the frequency was set to 0.001. The marker allele frequencies were calculated from the normal chromosomes of 66 Finnish CHH families (Sulisalo et al. 1994b) . Heterogeneity was tested using the A-test as implemented in program HOMOG (Ott 1991) .
Results and discussion
Nine potentially informative families were included in the linkage analysis (families 1-9). The distribution of marker alleles in these families is shown in Fig. 1 . The two-point lod scores between the CHH gene and three closest marker loci are shown in Table 1 . No recombinations were detected between the CHH gene and markers in any of the informative meioses, suggesting genetic homogeneity of CHH in various populations. The highest lod score of 3.23 at a zero recombination fraction was detected between the CHH gene and D9S163. The maximum lod scores for D9S165 and D9S50 reached 2.20 and 2.63, respectively. The maximum multipoint lod score of 4.10 was obtained at D9S 163. No evidence of heterogeneity was found (HO-MOG), although the sample size was limited and all meioses were not fully informative for all markers studied. The genetic homogeneity of CHH validates the use of closely linked markers for prenatal diagnosis in families from various populations.
We have previously observed a statistically significant association between the CHH gene and alleles at D9S 163 in both Finnish and Amish families (Sulisalo et al. 1994a, b) . In Finnish families, CHH is associated with allele 3, and in Amish families, with allele 6. Of the 32 CHH chromosomes studied here, 14 carried allele 6, 10 carried allele 3, seven carried allele 4, and one carried allele 2 at D9S163. Alleles 3, 4, and 6 are common in the normal chromosomes of the Finnish and Amish CHH families, and in the Centre d'Etude du Polymorphisme Humain (CEPH) reference families (frequencies vary from 0.2 to 0.4; data not shown). Among the Finnish chromosomes, allele 3 is the most common (41%) and alleles 4 (33%) and 6 (19%) the second and third most common (Sulisalo et al. 1994b) . Among the Amish and the CEPH families, however, the most common allele is 4 (43% in both seties) and alleles 3 and 6 are the second and third most common (Sulisalo et al. 1994a ; CEPH data not shown). As CHH is associated with a common allele at D9S163 among both the Finns and the Amish, no definitive conclusions can be drawn about the origin of the CHH mutations in the families studied here. However, as most of the latter patients are heterozygous for alleles at D9S163, it can be concluded that either there are many different CHH mutations and a CHH mutation is a more common occurrence than has been assumed, or only a few mutations exist but recombinations or mutations at markers have changed the original marker alleles. Characterization of the gene will be required to determine whether a single or different CHH mutations are responsible for the disease in various populations.
